Thermally activated deformation processes are discussed with reference to the studies done by the present author and his coworkers. First, dislocation motion in one-and two-dimensional periodic stress fields is analyzed to understand the deformation mechanisms of bcc metals and spinodally decomposed alloys. The role of the thermally activated kink-pair formation on the temperature and strain-rate dependence of strength is also discussed. Secondly, diffusion-controlled processes pertinent to high-temperature deformation are discussed by applying a unified and fundamental rate equation derived previously. Thirdly, mechanisms for the temperature and strain-rate dependence of polycrystals and ultrafinegrained and nanocrystalline materials are introduced. A proposed model taking into account the thermally activated dislocation depinning at grain boundaries is discussed.
Introduction
For tensile and compressive tests of solid materials, plastic deformation is said to be thermally activated when yield and flow stresses depend on temperature and strain rate. A thermally activated process involves an energy barrier which must be overcome with the help of internal thermal energy in order for the process to proceed. Since most deformation processes are the results of the motion of dislocations, thermally activated dislocation motion is one of the key topics to understand the mechanical properties of materials.
In addition to dislocation motion, diffusion of constitutive atoms can contribute to plastic deformation. In particular, many high-temperature deformation processes are partly or fully controlled by the diffusion of atoms. Since diffusion itself is a thermally activated process, diffusion-controlled deformation processes are also sensitive to temperature and strain rate.
In this overview, some topics on low-and high-temperature thermally activated deformation processes will be introduced together with strengthening mechanisms. Most studies are related to what the present author and his coworkers have done in the past nearly forty years. Although there exist many excellent books and reviews on the thermally activated deformation processes, 18) it is hoped that some new experiments and theories can be added in the present overview.
Hardening by Spinodal Decomposition
Let us start with the strengthening mechanism of spinodal alloys. In these alloys, spinodal decomposition takes place upon aging of supersaturated solid solution and threedimensional composition modulation of an alloying element is created: 9, 10) c À c 0 ¼ c a sin 2³
Here, c and c 0 are the local and average atomic concentrations of the alloying element and sinusoidal composition modulation of amplitude 3c a and wavelength is considered to occur along the three ©100ª directions of the x 1 À x 2 À x 3 cubic crystal coordinates. By using an fcc Cu-10 mass%Ni-6 mass%Sn spinodal alloy, we have found that strengthening by spinodal decomposition, i.e., the difference in the yield stress between solution-treated and aged alloys, does not depend on temperature.
11) This fact indicates that the strengthening by spinodal decomposition is controlled by an athermal deformation process under the absence of thermal activation. We have also found that activation volume obtained by strain-rate change tests during tensile deformation of aged specimens increases with temperature from nearly 50b 3 at 77 K to 500b 3 at 423 K where b is the magnitude of the Burgers vector.
11)
For fcc spinodal alloys, the composition modulation of eq. (1) with ¼ 5 $ 10 nm causes the development of periodic internal shear stress¸iðx; yÞ on a {111} slip plane, as shown in Fig. 1. 
9,12)
where © ð1=aÞð@a=@cÞ expresses the variation of lattice parameter a with c and Y ðC 11 À C 12 ÞðC 11 þ 2C 12 Þ=C 11 is a function of cubic elastic constants C 11 and C 12 . Positive and negative signs of the internal stress in Fig. 1 indicate that the stress hinders and promotes, respectively, the dislocation motion. Several mechanisms of hardening by spinodal decomposition have been proposed 915) and the most frequently quoted one till 1970's was that by Cahn. 9) He considered the motion of edge and screw dislocations in the periodic internal stress and derived the theoretical amount of hardening which is proportional to c a 2 . As analyzed by Cahn and shown in Fig. 1 , the curvatures of the edge and screw dislocations are not very large and these dislocations lie equally on positive and negative regions of the internal stress¸iðx; yÞ. As a result, the total effect of¸iðx; yÞ to hinder the dislocation motion is expected to be quite small. In fact, Cahn's theory often predicted at least a factor of ten smaller amount of hardening than that obtained experimentally.
In contrast, the mixed dislocation in Fig. 1 mainly passes through the positive regions of the internal stress¸iðx; yÞ. Therefore, this mixed dislocation, with the average of 60 degrees from the Burgers vector direction, receives much larger resistance against its motion than the edge and screw dislocations. Kato et al. regarded that this 60°mixed dislocation was responsible for the macroscopic yielding of fcc spinodal alloys and derived the following theoretical expression of the critical resolved shear stress (CRSS).
12)
Let us consider a dislocation on an x-y slip plane. Force acting on the dislocation can be evaluated by the Peach-Kohler equation 16) and an equilibrium shape of the dislocation under applied shear stress¸is obtained by solving the following force-balance equation:
where¸sb is the dislocation self stress caused by the curvature of the dislocation. When the curvature is not large, i.e., for weak obstacles, 4, 17) this term can be written approximately as 9, 12, 17, 18) 
where T L is the dislocation line tension. Inserting eqs. (2) and (5) into eq. (4) and solving eq. (4) with appropriate initial and boundary conditions, one can obtain the equilibrium shape y = y(x) of the dislocation for a given applied stress¸. However, if¸becomes larger than a critical value (in the present case,¸s p of eq. (3)), no solution exists for eq. (4). 12, 19, 20) Since the force-balance equation cannot hold for¸>¸s p , the critical value¸s p is identified as the CRSS. In fact, eq. (3) was obtained with the above procedure.
It was found that eq. (3) gave much larger amount of hardening compared with that predicted by Cahn and reasonably explained the experimental results of fcc spinodal alloys. Afterwords, the predicted 60°mixed dislocations were found experimentally in a Cu-base spinodal alloy. 21, 22) However, the reason why this hardening is athermal in nature had yet to be found.
Thermally Activated Deformation by the Peierls Mechanism in bcc Metals
It is well known that strong temperature and strain-rate dependence of yield stress of bcc metals originates from the Peierls mechanism. That is, for the plastic deformation to occur, screw dislocations must overcome the Peierls barrier with the help of thermal energy.
Let the x-and y-axes on the ð1 10Þ slip plane of bcc metals be parallel to the ½11 1 slip direction and the [112] direction of screw dislocation motion, respectively. When the onedimensional periodic Peierls potential V P (y) is expressed as a sinusoidal function of wavelength P , the second term of eq. (4) can be expressed aş
where¸P is the so-called Peierls stress or the maximum of the internal stress¸iðyÞ. In what follows, P is assumed equal to b for simplicity. The Gibbs energy G(y) of a dislocation y = y(x) in the potential field is expressed as 17, 18) GðyÞ
Here, the Gibbs energy G(y) is measured with reference to the straight dislocation at y = y 1 . Since the force-balance eq. (4) represents thermodynamic equilibrium, it can be derived from the condition that the Gibbs energy (7) takes a local minimum. When V P (y) is periodic, as in the present case, G(y) can be schematically represented as shown in Fig. 2 . The energies for stable (black circle) and saddle-point (white circle) dislocation positions are also shown in Fig. 2 . A dislocation at a stable position A can move forward along the positive y direction to the next stable position B when the energy barrier G Ã is overcome by thermal activation. Solving the force-balance eq. (4) together with eqs. (5) and (6), one can obtain both stable and saddle-point shapes of dislocations, as shown in Fig. 3 . 17, 18, 23, 24) Naturally, the stable shape is a straight pure screw dislocation given by
The saddle-point solution, on the other hand, represents the formation of a kink pair on the screw dislocation. To obtain the analytical expression of the shape of the kink pair, we have approximated eq. (6) aş
Here, y m is the y-coordinate at which¸iðyÞb takes its maximum. With eqs. (5) and (9), the force-balance eq. (4) can now be solved analytically to obtain approximate solutions for both stable and saddle-point dislocation shapes: 17, 24, 25) Stable:
Different from the above approximation (9), Celli et al. expressed the periodic potential V P (y) with a piecewise quadratic function. 23) With this approximation, the periodic internal stress¸iðyÞb becomes the piecewise combination of linear functions of y, as shown in Fig. 4 . On the other hand, our eq. (9) 24) means that the term¸iðyÞb is approximated as a piecewise quadratic function. In other words, the approximations used by Celli et al. and by us near y = y m can be expressed as follows.
where p = 1 for Celli et al. and p = 2 for Mori and Kato. For either p value, an approximate saddle-point solution can be obtained and the difference in the Gibbs energy between stable and saddle-point configurations, i.e., the activation energy G*, can be expressed analytically. Using eq. (4) together with eqs. (5) and (12), we obtain the activation energy of the form 25 )
On the other hand, it is known that the activation energy is a linear function of temperature:
where B is a constant of about 20 to 30 for the present Peierls mechanism. 2426) From eqs. (13) and (14), the stress-temperature relationship can be obtained:
T is proportional to f1 À ð¸=¸PÞg 2 for p = 1 and to f1 À ð¸=¸PÞg 5=4 for p = 2. Figure 5 shows the experimental results of the temperature dependence of yield stress of iron single crystals and polycrystals. 27, 28) It is clear that the temperature dependence of the yield stress, in particular at a lower-temperature region, can be reproduced excellently by the curves T / f1 À ð¸=¸PÞg 5=4 for p = 2. Conducting further analysis, it is possible to derive the following equations for the activation volume v Ã and the kink width w Ã . Fe polycrystal (27) Fe single crystals (28) Temperature / K
Fig . 5 Temperature dependence of yield stresses of iron poly-and single crystals. 27, 28) The yield stresses are normalized by the extrapolated stresses at 0 K. Solid and dashed lines indicate the curves of eq. (14) with p = 2 and p = 1, respectively. It can be seen that the solid curves can represent the experimental data much better than the dashed curves. Although v Ã is a decreasing function of¸for both p = 1 and p = 2, w Ã becomes independent of¸for p = 1 and an increasing function of¸for p = 2.
Thermally Activated Process in Hardening by
Spinodal Decomposition
Again by inserting eqs. (2) and (5) into eq. (4), we have analyzed the force-balance equation in a similar manner as done for the above Peierls mechanism. 19, 20, 29) As a result, it was found that a kink pair, similar to that in the Peierls field, was formed also in the 60°mixed dislocation. However, the size of the kink pair was much larger and the values of the activation energy were much higher than those for the Peierls mechanism.
The above results physically mean that the kink-pair formation as a thermally activated process is practically impossible to take place and the hardening by spinodal decomposition is controlled by an athermal process of dislocation motion. Therefore, it is reasonable to conclude that the increase in yield stress due to spinodal decomposition is temperature independent, in agreement with our experimental results. 11) We can also say that the observed values, 50b 3 to 500b 3 , of the activation volume, mentioned in Chapter 2, are not related to the spinodal decomposition but are originated from short-range thermal obstacles of solidsolution Sn atoms in the Cu-Ni alloy matrix.
11)
From the above discussion, it can be concluded that although the periodic stress field caused by spinodal decomposition acts as an effective barrier against dislocation motion, it is athermal in nature. Furthermore, the barrier is considered to be "weak" in a sense that the curvature of the dislocations in the stress field is not very large.
Rate Equations
When a thermally activated process controls plastic deformation, the rate equation is written in the form 17 )
Here, _ £ is the shear strain rate and _ £ 0 is a constant. Rigorously speaking, the stress¸relating to a thermally activated process is called the effective stress or the thermal stress component of the applied stress and it is a function of temperature and strain rate. For example, from eqs. (13) and (18), we havȩ
where C is a positive constant with a dimension of energy.
As expected,¸is a decreasing function of temperature and an increasing function of strain rate. Another stress component, called the internal stress or the athermal stress component¸a often exists so that the total applied stress¸t is the sum of the two stress components 2, 30, 31) t ¼¸a þ¸ðT ; _ £Þ; ð20Þ as schematically shown in Fig. 6 . The athermal component is essentially independent of temperature and strain rate, though it weakly depends on temperature through the temperature dependence of elastic constants. 4) In this study, unless otherwise mentioned, we consider only the thermal stress component¸since it is this component that is associated directly with thermally activated deformation processes. From eq. (19), we find that the thermal component becomes zero at a temperature given by 
Diffusion-Controlled Elementary Processes of HighTemperature Deformation
At temperatures higher than about one-half of the melting point, plastic deformation is often controlled by diffusion of atoms via climb of edge dislocations, grain-boundary sliding, diffusion creep, etc. Diffusion of atoms is a typical thermally activated process. When diffusion-controlled plastic deformation is considered, the activation energy of diffusion is usually assumed to be independent of applied stress. Firstly, the activation volume v Ã for diffusion is small, usually in the order of b 3 . 34, 35) Secondly, the applied stress · at high temperatures is generally lower than yield and flow stresses of low-temperature deformation. Therefore, the term ·v Ã for diffusion-controlled high-temperature deformation is much smaller than the activation energy Q of diffusion. For example, the well-known rate equation for the power-low creep is expressed as
Temperature Yield or flow stress Fig. 6 Schematic representation of the temperature and strain-rate dependence of yield or flow stress. The total stress¸t at a temperature T consists of a thermal component¸and an athermal component¸a. The former is a function of temperature and strain rate, while the latter is essentially independent of them. The stress drop at the higher temperature region is caused by the contribution of diffusion.
where A 0 is a constant, n is the stress exponent and Q is regarded to be independent of ·. Let us consider a deforming material by the diffusional flow of atoms. When the change dG (dG < 0) in the Gibbs energy of the material occurs by the diffusional flow of dn d atoms during time interval dt, Onaka et al. have shown that the following fundamental rate equation holds.
Here, + is the volume of an atom, D the diffusivity and S d and l d are the diffusional cross-sectional area and the diffusion distance, respectively. From this fundamental rate equation, we can obtain various diffusion-controlled elementary processes involved in high-temperature deformation.
As an example, let us derive the rate equations for diffusional creep. For simplicity, a crystal grain is assumed to be cuboidal of side length d and tensile stress · is applied on top and bottom grain boundaries (GBs), as in Fig. 7 . When diffusional flow of dn d atoms takes place from four side GBs to top and bottom GBs during the time dt, the total volume of atoms + dn d is accumulated vertically. Therefore, the increase in the plastic tensile strain d¾ becomes
The change in the Gibbs energy dG in this case is caused by the decrease in the potential energy of the applied stress
For the Nabarro-Herring (NH) creep, diffusional flow occurs in the grain interior by volume diffusion. The average diffusion distance and the cross-sectional area can be roughly estimated from Fig. 7 as
and
Inserting eqs. (24) to (27) into eq. (23) and using D v as the volume diffusivity, we obtain 42)
On the other hand, for the Coble creep, the cross-sectional area becomes
where ¤ is the GB thickness. Using eqs. (23) to (26) and (29) together with the GB diffusivity D b , we have 42)
Since the temperature dependence of diffusivity is in general written as
where D 0 the pre-exponential factor, the rate eqs. (29) and (30) of the diffusion creep are expressed as
Comparison of eq. (32) with eq. (22) shows that the activation energy of deformation is indeed equal to that of diffusion and the stress exponent n is unity for both NH creep and Coble creep. In many traditional reviews and textbooks, the driving force of the diffusional flow is considered to be caused by the difference in the vacancy concentration between the two stressed lateral GBs and four unstressed vertical GBs. Contrarily, the present derivation method does not need to consider the vacancy concentration. Rather, the driving force, i.e., the gradient of the Gibbs free energy, is evaluated directly. As a result, the derivation process becomes much simpler than that of the traditional method. In fact, such diffusion-controlled processes as GB sliding, 36) growth of voids at GBs, 37) sintering, 38) stress relaxation around secondphase particles 3941) and climb of edge dislocations 42) have been analyzed in a simple and unified manner by using eq. (23).
Thermally Activated Deformation Processes in Polycrystals and Ultrafine-Grained Materials
Coming back to low-temperature deformation, thermally activated deformation processes in polycrystals are often discussed in relation to the well-known Hall-Petch equation 43, 44) 
where · 0 is the friction stress, k HP the Hall-Petch coefficient and d the grain size. Assuming that eq. (33) is a result of the pile-up of mobile dislocations near GBs, Armstrong and his coworkers derived the following equation
Here, v For ultrafine-grained (UFG) materials (with grain size smaller than 1 µm) and nanocrystals (NCs, with grain size smaller than 100 nm), strength increases as grain size decreases, except at the very smallest grain size regime (say, smaller than about 10 nm) where the so-called "inverse HallPetch relationship" 32, 48, 5052) has been observed. In addition, the temperature and strain-rate dependence of strength becomes more significant as grain size decreases. Though thermally activated processes must contribute to this phenomenon, the exact mechanism has not been revealed yet. In particular, such findings that the activation volume becomes a decreasing function of temperature 5356) and increasing function of stress 32, 53, 56, 57) are unique and characteristic of UFG and NC materials. Using a similar approach to that by Armstrong et al., 4549) Conrad et al. have concluded that the above anomalous behavior of the activation volume is caused by GB shear promoted by the pile-up of dislocations at the GBs. 32, 57, 58) As shown above, both models by Armstrong et al. and Conrad et al. require dislocation pile-up at GBs. However, whether or not the dislocation pile-up frequently occurs in UFG/NC materials is worthy of discussion. A simple calculation shows that even when dislocation density is as high as 10 15 m ¹2 , 59, 60) the average of only one dislocation of length d can exist in a fine grain of d = 30 nm. If so, the dislocation pile-up must not be common in UFG/NC materials. Besides, relative importance of GB dislocation sources as compared with in-grain sources has been pointed out. Wang et al. discussed the thermally activated deformation process of NC nickel and suggested the possibility of thermally activated dislocation nucleation and depinning at GBs. 54) Swygenhoven et al. have conducted the molecular dynamic simulation of dislocation motion in NCs and have concluded that thermally activated dislocation depinning at GBs must be considered as a mechanism contributing to the plasticity of NC fcc metals.
6163)
With the above studies in mind, we have formulated a model shown in Fig. 8 by taking into account dislocation bow out and thermally activated depinning at GBs. 64, 65) Although details are shown elsewhere, 56, 60, 6568) the anomalous behavior of the activation volume as well as strong temperature and strain-rate dependence of strength in UFG and NC materials can be explained quantitatively by using this model. However, since this model has not been supported experimentally, it still remains as one of the hypotheses. Further experimental and theoretical studies are necessary in order to reveal the deformation mechanisms of UFG and NC materials.
Concluding Remarks
In this overview, selected topics on thermally activated deformation processes has been introduced. In retrospect, the present author has tried to solve such problems as can be solved analytically or as leading to the new interpretations of existing models. It appears that the thermally activated deformation processes, though important, are sometimes overlooked or neglected in the discussion of materials strength. In many cases, the processes have not yet been satisfactorily understood. There are still many challenging research opportunities, both experimental and theoretical, to understand the thermally activated processes of deformation. Fig. 8 Bow out and thermally activated depinning of a dislocation generated from a grain boundary. 64, 65) The hatched area surrounded by two arced dislocations corresponds to the activation area.
GB depinning bow out

